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We previously described bifendate-chalcone hybrids as potent P-glycoprotein inhibitors. In the present
work, we determine whether these compounds could reverse breast cancer resistance protein (BCRP,
ABCG2)-mediated multidrug resistance using HEK293/BCRP cells which was BCRP-transfected stable
HEK293 cells. Results indicated that compounds 8d, 8f, 8g and 8h could significantly enhance mitoxan-
trone accumulation in HEK293/BCRP cells via inhibiting BCRP drug efflux function. The most active com-
pound 8g exhibited little intrinsic cytotoxicity (ICso > 100 pM), and could reverse BCRP-mediated drug
resistance independent of decreasing BCRP expression level. Notably, 8g had little inhibitory effect on
multidrug resistance-associated protein 1 (MRP1, ABCC1), another drug efflux transporter. The present
findings, together with the previous results, suggest that 8g might be act as dual inhibitors of P-gp
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1. Introduction

Many cancers fail to respond to chemotherapy by acquiring
multidrug resistance (MDR) during the treatment [1]. Studies have
shown that MDR constituted a critical hurdle to cancer treatment,
and has become one of the major causes of chemotherapy failure
[2,3]. Although the mechanisms underlying MDR are complicated,
the most common is overexpression of ATP binding cassette (ABC)
transporters [4]. So far, 48 ABC transporters have been identified in
humans, among them, P-glycoprotein (P-gp, ABCB1), breast cancer
resistance protein (BCRP, ABCG2) and multidrug resistance-associ-
ated protein 1 (MRP1, ABCC1) are the best known and most impor-
tant drug transporters of MDR, and could confer resistance to a
broad spectrum of chemotherapeutic agents by exporting drugs
out of cancer cells using energy from ATP hydrolysis [5,6].

An attractive strategy to overcome ABC transporter-mediated
drug efflux is to develop inhibitors to sensitize cancer cells to che-
motherapeutic drugs [7,8]. Generally, in order to preclude side
effects it would be useful to inhibit only one transporter. However,
P-gp, BCRP and/or MRP1, the prominent members of the ABC
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transporter superfamily, exhibited broad and partly overlapping
substrate specificities [9], and sometimes could be detected in drug
resistant cancer cells simultaneously. Under this situation, it might
be beneficial to inhibit these transporters with a single compound
[10]. For instance, overexpression of P-gp and BCRP is implicated in
drug resistance of tyrosine kinase inhibitors (TKIs) [11], which
were widely used in the treatment of cancer in clinic. Several stud-
ies have proven that TKIs were substrates of P-gp and BCRP [12],
indicating that TKIs might be inactive and limited in treatment of
patients with tumors overexpressing P-gp and BCRP, such as brain
tumors [13]. In this regard, it is necessary to develop novel agents
that could inhibit P-gp and BCRP simultaneously.

Our recently studies showed that a series of bifendate deriva-
tives (8a-i), named as bifendate-chalcone hybrids (Table 1), could
reverse P-gp mediated MDR more potently than verapamil (VRP)
by inhibiting P-gp efflux function, and had little intrinsic cytotox-
icity [14]. Literature survey revealed that chalcone, bioprecursor
of flavonoids, possesses multiple bioactivities, such as antioxida-
tion, anti-inflammation and anti-cancer [15,16]. Several studies
have showed that chalcone could act as P-gp and/or BCRP inhibi-
tors, thus reversing P-gp and/or BCRP mediated-MDR [17-19].
Based on these researches, we investigated whether these com-
pounds could effectively reverse BCRP-mediated MDR in the cur-
rent study. Additionally, their inhibitory effect on MRP1, another
important ABC transporter, was also measured in this work.
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2. Materials and methods
2.1. Chemicals and reagents

Bifendate-chalcone hybrids (8a-i) were synthesized as
previously described [14]|. The chemical structure showed in
Table 1. All electrophoresis reagents, protein concentration assay
kit, and polyvinylidene difluoride membranes were purchased
from Bio-Rad. Adriamycin and mitoxantrone were from Zhejiang
Hisun Pharmaceutical Co., Ltd. and Jiangsu Hansoh Pharmaceutical
Co., Ltd., respectively. Rhodamine 123, Ko143 and SRB were
obtained from Sigma-Aldrich. Monoclonal antibody BXP-21 against
ABCG2 was purchased from Abcam. MRPr1 against ABCC1 was
from ARP American Research Products, Real-time PCR Master Mix
was purchased from TOYOBO. Dimethyl sulfoxide (DMSO), TRIzol,
and G418 were purchased from Invitrogen. Cell culture medium
RPMI-1640 and Dulbecco’s Modified Eagle’s Medium were pur-
chased from HyClone. All other chemicals were obtained from
commercial sources of analytical grade.

2.2. Cell lines and cell culture

HEK293 transfected sublines HEK293/Vec [20], HEK293/ABCC1
[21], and HEK293/ABCG2 [22] were obtained from Prof. Jian-ting
Zhang (IU Simon Cancer Center, IN, USA), and cultured as previ-
ously described and frozen into multiple aliquots. All cells were
passaged for 4 months or less before the renewal from frozen,
early-passage stocks. All cell lines were periodically authenticated
by morphologic inspection.

2.3. Cytotoxicity assay

The cytotoxicity was determined using the sulforhodamine B
(SRB) colorimetric assay [23]. Briefly, the cells were seeded in
96-well plate at 3000 per well and cultured for 24 h. Adriamycin
and mitoxantrone were then added to the cells, and the cells were
cultured continuously for 3 days before the SRB assay. After the
culture medium was aspirated, the cells were fixed and stained
by adding 70 pL 0.4% (w/v) SRB in 1% acetic acid solution to each
well and incubation at room temperature for 20 min. The plates
were then washed three to five times with 150 pL of 1% acetic acid
to remove the unbound SRB and air-dried. The bound SRB was then
solubilized with 200 pL of 10 mmol/L unbuffered Tris-base, and the

Table 1
Chemical structures of target compounds.

Compound R substituents: A-ring
2 3 & 5
8a H H H H
8b H H OH H
8c H H OCH3 H
8d OCH3; H H H
8e OCH3; H OCH3 H
8f OCH3 H H OCH3
8g CH; H H CH;
8h H OCH3 OCHj; OCH3;
8i H H NO, H

As7o nm was determined using a microplate reader (Thermo, USA).
The effect of compound on drug resistance was determined by
exposing cells to anticancer drugs in the absence or presence of
different concentrations of the target compounds. And then the
cytotoxicity was determined using SRB assay mentioned above.

2.4. Flow cytometric analyses

1 x 10° cells in culture were pre-incubated with different con-
centrations of the target compounds, Ko143 or vehicle control
(0.1% DMSO) for 1h at 37 °C, followed by addition of 20 pumol/L
mitoxantrone (MX) and incubation for 30 min, respectively. The
reaction was stopped by addition of ice-cold PBS and centrifuga-
tion, washed with ice-cold PBS three times, and subjected analysis
by flow cytometry. The relative values were identified by dividing
the fluorescence intensity of each measurement by that of vehicle
control.

2.5. Western blot analysis

Western blot analysis was done as previously described [20].
Briefly, cells were incubated with 5 uM individual compound or
vehicle control for 48 h, respectively. Following incubation, the
cells were harvested and lyzed. The cell lysates were separated
by SDS-PAGE (12% gel) and transferred to a PVDF membrane.
The blot was then probed with primary antibody followed by reac-
tion with horseradish peroxidase-conjugated secondary antibody.
After additional washes with TBST buffer, the protein-antibody
complex were visualized by the enhanced Phototope TM-HRP
Detection Kit (Cell Signaling, USA) and exposed to Kodak medical
X-ray processor (Kodak, USA).

2.6. Reverse transcription-PCR

RNA extraction and real-time reverse transcriptase PCR (RT-
PCR) were carried out as previously described [24]. The sequences
of ABCG2 primers are 5-TCATCAGCCTCGATATTCCA TCT-3' (for-
ward) and 5-GGCCCGTGGAACATAAGTCTT-3’ (reverse). The
sequences of glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH) primers are 5-CCGTCTAGAAAAACCT GCC-3' (forward) and
5'-GCCAAATTCGTTGTCATACC-3’ (reverse). The standard curve
and data analysis were produced using Bio-Rad iQ5 software. The
relative ABCG2 mRNA level treated with inhibitors was expressed
as fold change of the control (in the presence of 0.1% DMSO).

2.7. Statistical analysis

Differences of the parameters between two cell groups were
analyzed by two-tailed Student’s t test. P <0.05 was considered
as statistically significant.

3. Results

3.1. Effect of bifendate-chalcone hybrids on mitoxantone accumulation
in HEK293/BCRP and HEK293 cells

As mentioned above, drugs (substrates of BCRP) could be
pumped out of the resistant cells overexpressing BCRP, resulting
in a decrease of the intracellular accumulation. When the efflux
function of BCRP was inhibited by a BCRP inhibitor, drug accumu-
lation level in the cells might be increased [25]. Therefore, the
intracellular mitoxantrone (MX, a model substrate of BCRP) accu-
mulation in BCRP-transfected stable HEK293/BCRP cells and their
corresponding BCRP vector transfected HEK293/VEC cells were
measured in the presence or absence of 8a-i (5 LM, nontoxic dose)
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Fig. 1. Mitoxantrone (MX) accumulation in HEK293/VEC and HEK293/BCRP cells
treated with target compounds and Ko143 (5 uM), respectively. Data are expressed
as mean values + SD, n = 3. *P < 0.05, **P < 0.01 vs. DMSO group. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

by flow cytometric analysis, and a BCRP specific inhibitor Ko143
was selected as the positive control. As can be seen in Fig. 1, most
of the target compounds could slightly raise the accumulation level
of MX in HEK293/BCRP cells (Fig. 1, blue bar), indicating that the
efflux function of BCRP might be inhibited by the target com-
pounds. Among them, 8f and 8g displayed the best potency, which
was almost comparable with the BCRP inhibitor Ko143. Notably, all
the compounds have no effect on MX accumulation in BCRP-
negative HEK293/VEC cells (Fig. 1, red bar), suggesting that the
effect of these compounds on MX accumulation is likely via
inhibiting BCRP.

3.2. The cytotoxicity of active compounds

Since an ideal BCRP inhibitor should reverse MDR at non-toxic
concentrations [26], the cytotoxicity of the most active compounds
8d, 8f, 8g and 8h against HEK293/BCRP and their corresponding
BCRP-negative HEK293/VEC cells was determined by SRB assay.
Anticancer drug MX was served as the positive control. As shown
in Table 2, HEK293/BCRP cells were obviously resistant to MX. Its
ICs0 value (1.102 uM) was 91-fold higher than that of HEK293/
VEC cells (0.01208 uM). It is noteworthy that the active com-
pounds exhibited little (ICso> 100 uM) or slight (ICso=20.36-
37.47 uM) intrinsic cytotoxicity in vitro, indicating that this kind
of compounds was suitable to the development of BCRP inhibitors
with safety profile.

3.3. Reversal effect of active compounds on BCRP-mediated drug
resistance

Subsequently, we determined whether these compounds could
reverse BCRP-mediated drug resistance at non-toxic concentrations
(<ICq0) according to a previously described method with minor
modification [24]. Briefly, the cytotoxicity of anticancer drug MX
on HEK293/BCRP and HEK293/VEC cells was evaluated in the pres-
ence or absence of 8d, 8f, 8g and 8h at various concentrations (CH:
5.0 uM, CM: 2.5 uM and CL: 1.25 uM) by SRB assay, and the BCRP
inhibitor Ko143 was employed as the positive control. As shown
in Fig. 2, due to drug resistance, anticancer drug MX displayed little
inhibitory effect on the proliferation of HEK293/BCRP cells (Fig. 2A,
blue bar). However, the cytotoxicity of MX was dramatically
increased when combination with 8d, 8f, 8g and 8h at non-toxic
concentrations (CH: 5.0 uM, CM: 2.5 uM and CL: 1.25 uM), indicat-

Table 2
ICso values of target compounds against HEK293/BCRP and HEK293/VEC cells.
Compound ICs50 (UM)?
HEK293/BCRP HEK293/VEC
8d 37.47 36.83
8f >100 >100
8g >100 >100
8h 20.36 23.47
MX 1.102 0.01208

2 ICsp values are expressed as means of triplicate experiments.

ing that these compounds could restore HEK293/BCRP cells
sensitivity to MX. Obviously, 8g showed more potent chemo-sensi-
tizing effect than the others at the high concentration (Fig. 2, yellow
bar), for the survival rate of HEK293/BCRP cells treated with 8g was
the lowest (30%), which displayed almost identical potency with
that of the classical BCRP inhibitor Ko143 (29%). Interestingly, such
chemo-sensitizing effect was not observed in BCRP-negative
HEK293/VEC cells (Fig. 2B), suggesting that the chemo-sensitizing
effect was achieved via inhibiting BCRP.

3.4. The effect of active compounds on mRNA and protein expression
levels of BCRP

It is believed that ABC transporters-mediated MDR can be
reversed either by inhibiting transporters’ function and/or decreas-
ing their expression level [27], we next determined whether the
active compounds 8d, 8f, 8g and 8h could affect mRNA and protein
expression levels of BCRP using RT-PCR and Western blot, respec-
tively [25]. As compared to vehicle (0.1% DMSO), both the mRNA
and protein levels of BCRP in HEK293/BCRP cells had no obviously
changes when treated with 8d, 8f, 8g and 8h (5 uM) for 48 h
(Fig. 3), suggesting that the MDR reversal activity of the target
compounds was not achieved by decreasing BCRP expression level,
but by inhibiting BCRP efflux function.

3.5. Effect of 8g on function and sensitization of MRP1

Finally, in order to assess the selectivity towards P-gp and BCRP,
we further screened the reversal activity of the most active com-
pound 8g on MRP1-mediated MDR in MRP1-transfected stable
HEK293 cells (HEK293/MRP1). Results showed that 8g could not
increase adriamycin (ADR, a MRP1 substrate) accumulation in
HEK293/MRP1 cells (Fig. 4A), or sensitize HEK293/MRP1 cells to
ADR (Fig. 4B), suggesting that 8g could not reverse MRP1-mediated
MDR.

4. Discussion

Multidrug resistance (MDR) phenotype is regarded as the major
obstacle to successful chemotherapy in cancer patients [28].
Although MDR involves multiple mechanisms, the primary mech-
anism is the overexpression of ATP-binding cassette (ABC) trans-
porters in the plasma membrane of drug resistant cells [29].
Among them, the best known and most extensively studied are
P-gp, BCRP and MRP1. An attractive strategy to overcome MDR is
to develop ABC transporter inhibitors to sensitize cancer cells to
anticancer drugs [7,8]. Recently, we synthesized a series of novel
bifendate-chalcone hybrids (8a-i) as P-gp inhibitors [ 14]. Prelimin-
ary screening results showed that most of the target compounds
exhibited strong P-gp inhibitory effect, and compounds 8g could
more potently reversed P-gp-mediated MDR than the classical P-
gp inhibitor VRP by inhibiting P-gp efflux function. Additionally,
unlike VRP, 8g showed no stimulation of the P-gp ATPase activity,
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Fig. 2. Chemo-sensitizing effect of the target compounds. The cytotoxicity of MX against HEK293/BCRP cells (A) and HEK293/VEC cells (B) in the presence or absence of the
target compounds at various concentrations (CH: 5.0 uM; CM: 2.5 uM; CL: 1.25 uM) was measured by SRB assay. The BCRP inhibitor Ko143 was selected as a positive control.
Survival rate was expressed as percentage mean of cell growth * S.D. with respect to the control without any treatment of three independent experiments. *P < 0.05, **P < 0.01
vs. MX treatment alone group. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

indicating that it was not a P-gp substrate. Besides, the intrinsic
cytotoxicity of 8g was very low (ICso > 200 uM) in vitro, therefore,
8g might represent a promising lead to develop P-gp-mediated
MDR reversal agents in cancer chemotherapy. Notably, recent
reports have revealed that several chalcone derivates could inhibit
not only P-gp but also other ABC transporters such as BCRP and
MRP1, thus reversing P-gp, BCRP and/or MRP1 mediated-MDR
[17-19]. Based on these researches, we speculated that bifen-
date-chalcone hybrids might inhibit three major ABC transporters.
Therefore, we investigated whether these compounds could effec-
tively reverse BCRP and/or MRP1-mediated MDR in the present
study.

We firstly investigate the inhibitory effect of target compounds
on BCRP by flow cytometric analysis. Our results showed that most
of the target compounds could increase intracellular accumulation
of MX in HEK293/BCRP cells, and displayed little effect on MX
accumulation in BCRP-negative HEK293/VEC cells, indicating that
these bifendate-chalcone hybrids might increase the cellular con-
centration of anti-cancer drug by interfering BCRP.

Since an ideal ABC transporter inhibitor should reverse MDR at
non-toxic concentrations, we next examined the innate cytotoxic-
ity of the most active compounds 8d, 8f 8g and 8h against
HEK293/BCRP and their corresponding BCRP-negative HEK293/
VEC cells by SRB assay. Encouragingly, we found that the active
compounds displayed little intrinsic cytotoxicity in vitro. These
results indicated that this kind of compounds might be suitable
to develop safe BCRP inhibitors.
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With the data obtained, we subsequently determined whether
these compounds could restore HEK293/BCRP cells sensitivity to
anticancer drug MX at non-toxic concentrations. It was seen that
due to drug resistance MX exhibited little effect on the prolifera-
tion of HEK293/BCRP cells, however, the cytotoxicity of MX was
dramatically increased when combination with 8d, 8f, 8g and 8h
at non-toxic concentrations. Notably, 8g displayed almost identical
chemo-sensitizing potency with that of the classical BCRP inhibitor
Ko143 at the high concentration. Moreover, such effect was not
observed in BCRP-negative HEK293/VEC cells. Subsequently, we
found that the active compounds 8d, 8f, 8g and 8h had little effect
on BCRP expression at mRNA and protein levels in HEK293/BCRP
cells. These results indicated that the MDR reversal activity of
the active compounds was not achieved by decreasing BCRP
expression level, but by inhibiting BCRP function.

Finally, we further examined the inhibitory effect of the most
active compound 8g on MRP1. Data showed that 8g could neither
increase intracellular accumulation of adriamycin (a MRP1 sub-
strate) in HEK293/MRP1, nor restore HEK293/MRP1 cells sensitiv-
ity to anticancer drug ADR, suggesting that 8g could not reverse
MRP1-mediated MDR.

In conclusion, nine bifendate-chalcone P-gp inhibitors (8a-i)
were assessed in vitro as reversal agents of BCRP. Cytotoxicity eval-
uation revealed that the most active compound 8g exhibited little
intrinsic cytotoxicity in vitro, and could increase the intracellular
accumulation of the substrate anticancer drug by inhibiting BCRP
efflux function, thus reversing BCRP-mediated MDR independent

B 84 8f 8z 8h Kold3 DMSO

e

Fig. 3. Effects of 8d, 8f, 8g and 8h on BCRP mRNA and protein expression level. (A) The relative BCRP mRNA level treated with target compounds was expressed as fold change
of the control cultures (in the presence of 0.1% DMSO). Data shown are mean * S.D. from three independent experiments. (B) Effect of target compounds on BCRP expression
at protein level. Independent experiments were performed at least three times, and a representative experiment is shown.
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Fig. 4. Effect of 8g on the function and sensitization of MRP1. (A) ADR accumulation in HEK293/MRP1 cells treat with 8g (5 pM). VRP (10 uM) was served as a positive control.
Data are expressed as mean values * SD, n = 3. (B) The cytotoxicity of ADR against HEK293/MRP1 cells in the presence or absence of 8g (CH: 5 uM; CM: 2.5 uM; CL: 1.25 uM)
was evaluated by SRB assay. VRP (CH: 10 uM; CM: 5 pM; CL: 2.5 uM) was selected as a positive control. Survival rate was expressed as percentage mean of cell growth + S.D.
with respect to the control without any treatment of three independent experiments. “P < 0.05 vs. ADR treatment alone group.

of decreasing BCRP expression level. Notably, 8g displayed little
reversal effect on MRP1-mediated drug resistance. The present
findings, together with the previous results, suggest that 8g might
be act as dual inhibitors of P-gp and BCRP to warrant further
evaluation.
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